Observations of changes in size of the ionospheric polar cap allow the dayside and nightside reconnection rates to be quantified. From these it is straightforward to estimate the rate of antisunward transport of magnetic flux across the polar regions, quantified by the cross polar cap potential P C . When correlated with upstream measurements of the north-south component of the IMF, P C is found to increase for more negative B z , as expected. However, we also find that P C does not, on average, decrease to zero, even for strongly northward IMF. In the past this has been interpreted as evidence for a viscous interaction between the magnetosheath flow and the outer boundaries of the magnetosphere. In contrast, we show that this is the consequence of flows excited by tail reconnection, which is inherently uncorrelated with IMF B z .
Introduction
It has been known for several decades that the level of geomagnetic activity is enhanced when the interplanetary magnetic field (IMF) is directed southwards, that is, when IMF B z <0 nT (e.g. Fairfield and Cahill, 1966) . This was put forward as evidence that magnetic reconnection between the IMF and the northwards-directed field of the sub-solar magnetopause was responsible for coupling energy, mass, and momentum from the solar wind into the magnetosphere, as first proposed by Dungey (1961 Dungey ( , 1963 . It was also demonstrated that the ionospheric convection flow rate, quantified by the "cross polar cap potential" or P C , is approximately proportional to B s , where B s =|B z | for B z <0 nT (e.g. Reiff et al., 1981 Cowley, 1984; Weimer, 2001 ), though perhaps 50-100 kV, on average. When the IMF B z >0 nT (B s =0 nT) then sub-solar reconnection is expected to cease, and it was thought that P C should tend to zero. However, Correspondence to: S. Milan (steve.milan@ion.le.ac.uk) as noted by Reiff et al. (1981 and Weimer (2001) , under such situations the cross polar cap potential remains non-zero, taking an average value of a few 10 s of kV. As reconnection was not the favoured mechanism for maintaining this "ground state" ionospheric convection, a viscous interaction between the antisunwards flow of the magnetosheath and the flanks of the magnetosphere was invoked instead, as first proposed by Axford and Hines (1961) . This idea became incorporated into theoretical models of the expected ionospheric flow (e.g. Cowley and Lockwood, 1992) , though perhaps there has been scant evidence for the existence of such "viscous cells" in empirically determined convection patterns (e.g. Heppner and Maynard, 1987; Ruohoniemi and Greenwald, 1996; Weimer, 1995 Weimer, , 2001 ). The present paper seeks to demonstrate that no such interaction is necessary to explain the observations, or that at least an upper limit can be placed on the viscous contribution to the convection pattern. Instead, we show that the cross polar cap potential is made up of contributions from two independent processes, not only sub-solar (dayside) reconnection but also magnetotail (nightside) reconnection, sometimes described as the "expanding/contracting polar cap model" (Russell, 1972; Siscoe and Huang, 1985; Holzer et al., 1986; Lockwood et al., 1990; Lockwood, 1991; Lockwood and Cowley, 1992; Cowley and Lockwood, 1992) . These two components can loosely be identified with the "directly-driven" and "loading-and-unloading" paradigms discussed extensively in the past (e.g. Rostoker et al., 1987; Baker et al., 1997) . Dayside reconnection is directly controlled by the upstream solar wind conditions; nightside reconnection is not. As suggested by Lockwood et al. (1990) , it is this nightside reconnection which maintains the non-zero ground-state convection, even after dayside reconnection has ceased.
Day-and nightside reconnection and the cross polar cap potential
The rate of change of open flux in the magnetosphere is determined by the competition between the rates of dayside and 3772 S. Milan: Dayside and nightside contributions to the cross polar cap potential nightside reconnection, as described by the following statement of Faraday's Law:
where B is the magnetic field strength at ionospheric altitudes, F P C is the flux contained in the polar cap, and D and N are the rates (voltages) of creation and destruction of open flux at the low-latitude dayside magnetopause and in the magnetotail, respectively (e.g. Siscoe and Huang, 1985; Holzer et al., 1986; Lockwood and Freeman, 1989; Lockwood, 1991) . It is also this dayside and nightside reconnection which leads to the general transport of plasma and flux antisunward across the polar cap, and it is this transport that the polar cap potential P C is intended to quantify. Perhaps one of the greatest obstacles to the study of the response of ionospheric convection to solar wind-magnetosphere coupling is the lack of standardization of the definition of P C , which is expressed as a voltage: the convection electric field integrated along a representative cut across the polar regions. However, the exact value of P C depends on the start and end points of this cut (though not on the path chosen), and it is here that inconsistencies arise. One method of measurement is the integration of the electric field measured by a polar-orbiting satellite as it traverses the convection pattern from dawn to dusk (or vice versa), specifically between the dawn and dusk convection reversal boundaries. In this method, an "ideal" pass of the polar regions could be defined as an orbit that follows the dawn-dusk meridian. If the polar cap remains approximately circular (though expanding or contracting in response to the accumulation or loss of open flux as described by Eq. (1)), then the rate of antisunward flux transport across this dawn-dusk meridian has been argued by Lockwood (1991) and Lockwood and Cowley (1992) to be given by
(2) Lockwood and Cowley (1992) included the voltage associated with a viscous interaction as V , though this was omitted by Lockwood (1991) , or, in other words, they assumed that V =0. A second method of measuring the cross polar cap potential is to fully determine the electrostatic potential pattern associated with the convection (using a technique such as AMIE (Richmond and Kamide, 1988) or SuperDARN "mappotential" (Ruohoniemi and Baker, 1998) ) and then set P C equal to the difference between the maximum and minimum of the potential. In this case, we expect that P C will be close to the dayside or nightside reconnection rate, depending on which is greatest:
In effect, this method chooses the representative cut of the polar cap to start and end near the extremities of the most active merging line. We note that great care should be taken when comparing studies that have used different methods of determining the polar cap potential: Eq. (3) tends to give double the estimate of P C of Eq. (2) (see below). In this paper we quantify D and N from observations of the polar ionosphere, and use this to determine P C . We favour the first method (Eq. (2)) of measuring P C , as the previous studies with which we compare our observations used polar-orbiting spacecraft to measure the cross polar potential (though we also describe the outcome of employing Eq. (3)). The aim of the present paper is to determine whether V is zero or non-zero, or at least to place an upper limit on V , by comparing the relationship between P C and IMF B z with previous observations. To do this we assume that the viscous interaction is negligible ( V =0), and demonstrate that even so we reproduce well previous measurements of P C .
Methodology and observations
Recent studies have employed observations of the polar ionosphere to determine the quantity of open flux contained within the northern polar cap (Milan et al., 2003 Milan, 2004) . Taken from these studies, Figs As proposed by Levy et al. (1964) and demonstrated by Holzer and Slavin (1979) , Holzer et al. (1986 ), Milan (2004 and Milan et al. (2004) , the dayside reconnection rate can be approximated by
where V x is the X-component of the solar wind flow (negative antisunward, hence the minus sign in Eq. (4) to make D positive) such that −V x B s is the (half-wave rectified) Y -component of the solar wind electric field, and L is a characteristic scale length of the order of 5-8 R E which can be thought of as the effective cross section presented by the magnetosphere to the impinging solar wind. The actual cross-wind scale size of the magnetosphere is approximately 25-30 R E , so the reconnection efficiency can be considered to be ∼0.2, as also found by Holzer et al. (1986) . Note that in Eq. (4) we implicitly set D to zero when the IMF is directed northwards, as we do not expect low-latitude reconnection to occur under these circumstances. Panels b and f show the dayside reconnection rate D predicted from Eq. (2), using values of L of 5 and 8 in the two examples, respectively. These values of L were selected to match the rate of polar cap expansion during periods when tail reconnection is thought to be inactive. Panels c and g show the corresponding predicted increase in polar cap flux F P C (dotted curve). This predicted F P C is set equal to the observed polar cap flux at the start of the interval, and from then on is calculated by the integration of D , that is assuming that N =0 in Eq. (1). The predicted flux and observed flux match each other well initially, but begin to deviate after the first substorm or auroral brightening, indicating the onset of tail reconnection (of open flux), i.e. N >0. The level of tail reconnection can be estimated from the discrepancy between the predicted and observed F P C . We find that the observations can be reproduced to a good accuracy by assuming that tail reconnection commences promptly at substorm onset, and continues at a uniform rate for a set length of time, which differs in each case. These fits are indicated in panels b and f, and the resultant predicted variation of F P C , that is the integration of D − N , is overlaid in panels c and g (full curves). Thus, we have estimates of both D and N . The observations provide a clear indication of the validity of the two-component coupling process or "expanding/contracting polar cap" model.
It is then possible to estimate P C from our measurements of D and N , using Eq. (2) (assuming V =0), as shown in panels d and h (grey regions). It can be argued that the reconfiguration of the magnetosphere, in response, to day and nightside reconnection, will have a response time of 10-15 minutes. To illustrate this we have convolved our estimates of P C with a triangular response function of duration 16 min that peaks at a lag of 8 min, and indicated this by the solid curves in panels d and h. This has the effect of somewhat smoothing the response of P C to the reconnection drivers. In the analysis that follows we use the unfiltered estimates of P C .
Previous workers have tried to directly relate P C to upstream solar wind and IMF conditions (Reiff et al., 1981 Cowley, 1984; Weimer, 2001) . To reproduce the relationships found in these studies we plot D , N , and P C as functions of IMF B z in Fig. 2, panels a, b , and c, respectively. These show values of a potential drop taken at 10-min intervals during the two periods under study; points have been displaced by up to ±5 kV so that they do not all lie on top of each other. B z can be roughly translated into the Y -component of the solar wind electric field E y =V x B z (cf. Eq. (4)), assuming a mean solar wind speed of V x =−500 km/s −1 .
Previous workers have employed more complicated estimates of the solar wind-magnetosphere coupling rate than solely B z or V x B s but we have demonstrated that Eq. (4) works well to a first order, and wish to maintain simplicity as far as possible. As expected, D is very closely related to B z when B z <0 nT (indeed, it was estimated from Eq. (4)), and is zero for B z >0 nT. N , on the other hand, is not correlated with B z . Hence, the resulting P C is somewhat correlated with B z when B z <0 nT, but is non-zero, on average, when B z >0 nT, that is, there appears to be a spread in P C at any particular value of B z , and a residual cross polar convection remains even when no coupling is expected with the solar wind. Indeed, we find excellent agreement between our observations and the observations collated by Cowley (1984) , both in the trend and spread of the data, despite considerable differences in the methods of derivation of P C − directly measured by polar-orbiting spacecraft in the case of Cowley, and inferred from estimates of the day-and nightside reconnection rates in our case.
We quantify the trend and residual in two ways. The first is to perform a least-squares fit to P C in the interval B z <0 nT, and find the relationship P C = −11.4B z + 13.1, B z < 0 nT ,
where P C is expressed in kV and B z in nT. In the interval B z >0 nT, the mean value of P C is 25 kV. These fits are shown by straight lines in Fig. 2c . The second method is to determine the mean value of P C in 4 nT-wide bins of B z , as shown by diamonds. Again, the non-zero convection residual is apparent for B z >0 nT. We note at this point that if Eq. (3) is employed to determine P C , then a similar trend is found to that seen in Fig. 2c , though the gradient becomes −17 kV nT −1 for B z <0 nT and the convection residual for B z >0 nT rises to close to 50 kV. To more fully demonstrate the relationship (2) and (3). Dotted curves show the lines of P C = P C and P C =2 P C . The full curve shows the least-squares line of best fit.
between the two methods of calculating P C , Fig. 3 presents a point-by-point comparison of Eqs. (2) and (3). Dotted curves show the line of equality ( P C = P C ) and the line that represents a factor of 2 difference between methods ( P C =2 P C ). As suggested above, many estimates from Eq. (3) are double the estimates from Eq. (2). The leastsquares fit (solid curve) has a gradient of 1.4.
Discussion
If the cross polar cap potential is considered to be the sum of two processes, one directly controlled by the upstream IMF and the other not, then it is no surprise that there remains a residual convection voltage even when dayside coupling is absent, as first suggested by Lockwood et al. (1990) . This can be seen in the two examples presented in Fig. 1 . During these two events the IMF is directed southwards approximately half of the time (43% and 53%, respectively). However, once nightside reconnection is taken into account, P C =0 kV only 19% and 29% of the time (7% and 15% if the response function is factored in), respectively. We expect that substorm-related nightside reconnection is most likely to commence during intervals of B z <0 nT as this is when new open flux is being added to the tail, so that an onset threshold might be exceeded in the plasma sheet. However, once tail reconnection has commenced, it can continue even after B z has turned northward. Hence, one might expect that, on average, tail reconnection is equally as likely to be ongoing when the IMF is directed either southward or northward. There is also evidence for non-substorm episodes of tail reconnection at rates up to 30-60 kV occurring during periods of northward IMF (Grocott et al., 2003 (Grocott et al., , 2004 . Furthermore, in our two examples there is one case (out of 7) in which the onset of tail reconnection is externally triggered by the arrival of a solar wind shock (06:55 UT, 26 August 1998, Fig. 1e ; see also Milan et al. (2004)) , and this will presumably occur independently of the orientation of the IMF that is, we do not expect that there should be a bias towards tail reconnection ongoing during periods of southward or northward IMF, or in other words, the nightside reconnection rate should truly be independent of the dayside coupling rate.
The observations presented in Fig. 1 also show that the size of the polar cap, and hence the latitude at which the auroral zone is located, is not directly related to the instantaneous upstream solar wind conditions. We re-emphasize this in Fig. 4 , which shows F P C as a function of B z (again at 10-min intervals). The trend is indicated in two ways: a least-squares fit to the data (solid line) and mean values of F P C in 4 nT-wide bins of B z . During periods of southward IMF the "typical" size of the polar cap may be said to be 0.65 GWb, falling to 0.3 GWb for northward IMF. However, while it is true that, on average, the polar cap is larger (and hence the oval will be expected to be located at lower latitude) for southward IMF, Fig. 4 shows that there is a great deal of spread in the size of the polar cap for any particular value of B z . Rather, it is more accurate to say that the oval progresses to lower latitudes when the IMF is directed southwards and dayside reconnection is causing an increase in F P C , and the polar cap shrinks during intervals of tail reconnection, as dictated by Eq. (1). The "typical" sizes quoted above are a consequence of changing the competition between dayside and nightside reconnection, but should only be considered as a gross temporal average of an otherwise highly dynamic system. These results have two practical ramifications for the construction of empirical convection patterns (e.g. Heppner and Maynard, 1987; Ruohoniemi and Greenwald, 1996; Weimer, 1995 Weimer, , 1999 Weimer, , 2001 ). These models tend to be parameterized solely in terms of the magnitude and orientation of the upstream IMF, though this takes account of the dayside driver of convection only. It is apparent that the convection pattern will also depend significantly on substorm phase, which controls the nightside convection driver, as investigated by Weimer (1999 Weimer ( , 2001 , and clearly demonstrated by Provan et al. (2004) , who conducted a super-posed epoch analysis of substorm-related convection flows. Hence, future models of convection need to be keyed to substorm phase, as well as the IMF. The convection model of Weimer (2001) does include a parameterization by auroral index AL, but this is probably not sufficient to properly characterize flows associated with different phases of the substorm cycle. In addition, we have demonstrated that the size of the polar cap, and hence the ionospheric convection pattern, is not directly related to the IMF. Hence, when each model pattern is compiled from many ionospheric observations of the convection velocity binned just by IMF orientation, the averaging process will result in considerable smearing of the true pattern, especially in the vicinity of the convection reversal boundaries (Lockwood, 1991) . Models need to take into account the changing size of the polar cap during the averaging process, transforming all observations into a frame of reference determined by the current location of the open/closed field line boundary. The instantaneous size of the polar cap should also be employed to scale the convection pattern reconstructed from the IMF and substorm phase inputs. Again, this issue was addressed by Provan et al. (2004) , by the use of a "shower-cap" coordinate transformation.
One further complication remains. Even after low-latitude dayside reconnection has ceased (IMF B z >0 nT, D =0) and nightside reconnection has abated ( N =0), it is not expected that the ionosphere should come to a standstill. Dayside reconnection can now occur at high latitudes, between the IMF and the already open field lines of the magnetotail lobes, resulting in a "reverse" convection or "lobe stirring" contained entirely within the polar cap (e.g. Cowley, 1981; Reiff and Burch, 1985) . This stirring will have a voltage associated with it, of the order of a few 10 s of kV (e.g. Freeman et al., 1993) , and will appear as a residual flow for IMF B z >0 nT, even though it is not associated with a net transport of flux across the polar cap. We have not estimated this in the present study as lobe stirring is not associated with a change in polar cap flux, see Eq. (1), and hence the rate of lobe reconnection cannot be determined from observations of the polar cap boundary. Suffice it to say, the existence of convective flows associated with lobe reconnection could also, in part, account for the residual flows observed for northward IMF in the past, and further reduces the need to assume a viscous interaction.
